Abstract: We report a high optical-quality double-layer silicon (Si) material platform with a thin interface oxide using a low-temperature wafer bonding technique. To assess the quality of the platform, resonators with different radii are fabricated, and their quality factors (Q) are measured. Q's of 25 k and 350 k are demonstrated in 2-m-and 20-m-radius microring resonators, respectively. The former is the most compact high-Q resonator demonstrated in any type of double-layer Si platform, and the latter is the highest Q demonstrated in a double-layer Si platform to date. This material platform enables a new set of integrated optical devices for a wide range of applications, including high-speed modulators, tunable filters, and low-power switches.
Introduction
Silicon-on-insulator (SOI) is considered an excellent material platform for integrated photonic and optoelectronic devices and systems, mainly due to its favorable optical, electrical, and mechanical properties. These features of SOI, in addition to its compatibility with complementary metal-oxide-semiconductor (CMOS) fabrication process, have brought forth a wide range of functional devices, including high-Q resonators [1] , electro-optic modulators [2] , nonlinear photonic devices [3] , and Opto-mechanical devices [4] . While most of the developed photonic devices, to-date, have been based on single-layer Si on oxide; multi-layer integrated photonic material platforms based on 3-D integration of multiple Si (and other functional material) layers enable new functionalities and more compact integration of photonic devices [5] - [7] . Threedimensional integration enables the development of denser integrated photonic circuits by vertically stacking multiple layers of photonic structures on top of each other [8] . It also enables the integration of active photonic and optoelectronic devices which is challenging in the single-layer SOI platform [8] . The availability of multi-layer Si material platform, with desired thickness in each layer and the optimal spacing between the layers, also provides a large degree of flexibility in designing photonic devices.
Several methods for fabricating 3-D, or more specifically, multilayer Si devices have been demonstrated, including separation by implantation of oxygen (SIMOX) [9] , hydrogenated amorphous silicon (a-Si:H) deposition [10] , polycrystalline silicon (polysilicon) deposition [8] , and wafer bonding [6] , [11] . SIMOX process requires annealing at a very high temperature ð$1300 CÞ to cure the implantation damages [9] , which limits its CMOS compatibility. On the other hand, while a-Si:H is a low-loss material [12] , it suffers from much lower charge mobility compared to crystalline Si due to its amorphous nature [13] , thereby limiting photonic/electronic integration [8] . Polysilicon, on the other hand, has a relatively high ð$100 cm 2 =V-sÞ [14] carrier mobility. However, it suffers from high propagation loss due to scattering and absorption at the polysilicon grain boundaries [8] .
Low-temperature wafer bonding is a CMOS compatible process (done at 450 C) and allows having single crystalline Si in all layers, which is essential for high performance devices that require superior optical, electrical, and mechanical characteristics. Double-layer Si using wafer bonding with relatively thick interface oxide has been successfully used to demonstrate 3-D photonic integration [6] . However, wafer bonding with smaller interface gaps (e.g., 100 nm), which are needed for active multi-layer optoelectronic and opto-mechanical devices has turned out to be challenging and previous attempts have led to higher optical loss compared to singlelayer SOI [11] .
Here, we demonstrate a high-quality wafer-bonding technique to transfer a crystalline Si layer on top of an SOI substrate (with a thin SiO 2 interface) to form a high-quality material platform for integrated nanophotonics. Our proposed process is based on oxide-oxide covalent bonding of two high-quality SOI wafer pieces at low temperatures. Using this process, we show that the optical loss of the resulting double layer SOI (DLSOI) material can be reduced by one order of magnitude compared to existing results [11] . The quality of the developed DLSOI material is assessed by the fabrication of microring resonators and evaluating their Q's. We demonstrate Q's as high as 350 k for microrings with 20 m outer radius under TE polarization (i.e., electric field in the plane of the microring), which is the preferred polarization for applications such as modulation, switching, and reconfigurable photonic devices. The evaluated intrinsic quality factor corresponds to propagation loss of about 1.5 dB/cm. To the best of our knowledge, the Q's reported in this paper are the highest values for microrings fabricated on any DLSOI platform. The demonstrated material platform with high performance photonic resonators enables new optoelectronic and opto-mechanical device architectures for a wide range of applications such as optical modulation, interconnection, switching, light-matter interaction, and sensing. The material platform used in this paper is introduced in Section 2, the fabrication process is discussed in Section 3, experimental results are reported and discussed in Section 4, and final conclusions are made in Section 5.
Material Platform
The schematic of the DLSOI structure is shown in Fig. 1(a) , where a dielectric material (e.g., SiO 2 ) is sandwiched between two layers of Si. Fig. 1(a) and (b) show the field profiles of the fundamental modes of a single-mode waveguide in the DLSOI structure with TE (i.e., electric field parallel to the substrate) and TM (i.e., electric field normal to the substrate) polarizations, respectively (simulated using finite element method in COMSOL). As expected, the electromagnetic energy of the quasi-TE mode is primarily confined in the Si layers; therefore, the quasi-TE mode in this structure is useful for applications such as modulation and tunable devices where controlled charge accumulation in the two Si layers through the capacitive structure can be used to realize optoelectronic devices [15] . On the other hand, the electromagnetic energy of the quasi-TM mode of this structure is mainly confined in the interface layer, leading to a high field enhancement in the gap region. This makes the quasi-TM mode in this structure suitable for applications requiring light to interact with the material in the gap region for sensing [16] and nonlinear photonic applications [17] . Unless otherwise stated, throughout the paper, whenever we use the terms, TE and TM modes we mean quasi-TE and quasi-TE modes, respectively. In this paper, we primarily focus on TE polarization, which is the best choice for applications like modulation and switching based on charge accumulation in the Si=SiO 2 =Si capacitive structures (TM polarization usually becomes of interest when the SiO 2 layer is replaced by an active material, e.g., a nonlinear polymer).
A key design parameter in the proposed DLSOI structure is the thickness of the oxide layer. A change in the thickness of the dielectric layer not only affects the optical modes in the structure and field confinement in different layers (see Fig. 1 (c)) but determines the effective capacitance and electric field strength (of the applied voltage) in the gap region for optoelectronic devices as well. For instance, reducing the oxide thickness from 100 nm to 20 nm results in a rise in the field confinement of the TE mode from approximately 58% to 75%. The same change in the oxide thickness results in the reduction of the confinement of the TM mode in the oxide layer from approximately 36% to 25%. This change in the thickness also results in five times increase in the effective capacitance of the device. Thus, the thickness of the oxide layer must be properly optimized for different applications.
Fabrication
The DLSOI structure in this work is developed by bonding two single-crystalline SOI wafer pieces with a thin oxide interface. The oxide thickness for the devices presented in this paper is 60 nm, unless otherwise stated. To develop the DLSOI substrate (Si=SiO 2 =Si stack with thicknesses of 110 nm/60 nm/110 nm), two SOI wafer pieces are thinned down and oxidized to appropriate layer thicknesses (i.e., 30 nm SiO 2 and 110 nm Si device layer) to be bonded together ( Fig. 2(a) ). This is achieved through two steps: 1) thinning down the Si device layer of a commercial 6 inch SOI wafer (250 nm Si device and 3 m buried-oxide (BOX) layers from Soitec, Inc.) by dry oxidation and wet etching in buffered-oxide-etchant (BOE) and 2) using high-quality interface oxide growth (30 nm). In the thin-down step, after oxidation, the wafer is covered with Red First Contact polymer (Photonic Cleaning Technologies) and cleaved into 1 by 2 inch dies. The polymer is used to protect the top surface from cleaving debris and is easily peeled off without leaving any residues after cleaving. After these steps, the SOI dies are ready for the bonding process.
To assure high-quality bonding, the prepared dies are rigorously cleaned followed by appropriate activation steps. The cleaning step starts with 30 min sonication in Acetone, Methanol and Isopropyl alcohol (each twice) followed by a modified RCA process [18] 
C for 20 minutes, rinsed with DI water, and finally blow-dried with N 2 . High-quality quartz beakers are used during SC-1 and SC-2 to reduce contamination from alkali metals from ordinary glassware [18] . The activation steps are imperative to allow a low-temperature wafer bonding, and are performed by first exposure to O 2 plasma for 30 seconds in a reactive ion etching (RIE) tool [19] (Plasma-Therm RIE system, O 2 flow rate ¼ 100 sccm, chamber pressure ¼ 100 mTorr, and RF power ¼ 200 W), followed by immediately dipping in NH 4 OH to render the surfaces more hydrophilic [20] . Then, the dies are blow-dried with N 2 and placed in contact with each other, and bonded in a Karl Suss SB6 bonder (see Fig. 2(b) ). The bonding process is carefully optimized to achieve the highest bonding strength. The razor-blade test [21] is used to qualitatively measure the bonding strength. After placing the bonding pair inside the bonder chamber, it is pumped down to 5 Â 10 À5 mbar, followed by slowly ramping up the bonding pressure to 4 bars at room temperature. After 30 minutes, the bonder temperature is also ramped up to 450 C and the bonding pair is held under these conditions (pressure ¼ 4 bars and temperature ¼ 450 C) for 6 hours to increase the bonding strength. During all of the previous steps, from sample preparation to bonding, the SOI dies are only handled from the back side using a vacuum tweezer without ever touching their top surfaces to prevent contamination.
After successful bonding, the bulk Si and the BOX layers of the top SOI die are removed using the Bosch process and BOE, respectively (see Fig. 2(c) ). After preparing the DLSOI platform, the optical devices are patterned using electron-beam resist hydrogen silsesquioxane (HSQ). The top and bottom Si layers of the devices are etched using Cl 2 gas in an STS inductively coupled plasma (ICP) system, and the 60 nm dry oxide interface is etched using CHF 3 =Ar gas combination in an Oxford RIE system. Afterwards, the devices are coated with flowable oxide (FOx-16 from Dow Corning) as the top cladding material. Fig. 3(a) shows a scanning-electron-microscope (SEM) image of the cross-section of a waveguide in the developed DLSOI platform. The thickness of the top and bottom Si layers is 110 nm, and the thickness of the interface SiO 2 is 60 nm. Fig. 3(b) shows the top view SEM image of a 2 m radius microring, which is critically coupled to a bus waveguide.
Experimental Results and Discussion
To assess the optical quality of the DLSOI platform and hence the quality of the bonding process, we fabricated different resonators and measured their Q's. Microrings with a wide range of radii from 2 m to 20 m coupled to bus waveguides are fabricated on the DLSOI platform. The fabricated resonators are then characterized by measuring the transmission spectra of the waveguides. Most of the resonance-based structures studied in this paper are based on the straight waveguide-resonator coupling scheme (like the one in Fig. 3(b) and Fig. 4(b) ). In contrast, the waveguide-resonator coupling for the structure corresponding to Fig. 5(c) and (d) is based on pulley coupling architecture, which is designed to selectively excite the fundamental radial TM mode of the resonator [22] . The width of waveguides in all cases is either 500 nm or 550 nm, and the gap between the waveguides and the resonators is adjusted between 100 nm to 550 nm to achieve critical coupling. Characterization of the fabricated devices is done using a swept-wavelength transmission characterization setup near 1550 nm wavelength. A fiber polarization controller is used to adjust the input polarization for the characterization. Tapered fibers are used to couple light into and out of the cleaved facets of the bus waveguides. The output light is detected using a variable gain photo-receiver and sent to a computer through a data acquisition card. Fig. 4(a) shows the TE transmission spectrum for an array of eight 2 m radius microrings with different waveguide-resonator gaps from 125 nm to 300 nm (increments of 25 nm) to study different coupling regimes (i.e., over-, under-, and critical-coupling). The radius of each resonator is increased by 5 nm compared to the one to its left to avoid the overlap of resonance features. The width of the bus waveguide is 500 nm. Fig. 4(b) shows the magnified plot of the transmission for one of the resonators that is close to critical coupling with an intrinsic Q of 25 k. The dashed curve shows a Lorentzian resonance fitted to the experimental data. This is the first demonstration of a high-Q ultra-compact 2 m radius microring on any double-layer Si platform.
On the other extreme where size can be sacrificed for higher Q, we investigated the performance of 20 m radius multimode microrings (ring width ¼ 4 m, waveguide width ¼ 550 nm, and the waveguide-cavity gap ¼ 100 nm). Fig. 5(a) shows the TE transmission spectrum for this resonator with different radial order modes. Fig. 5(b) shows the magnified plot for one of the high-Q modes with intrinsic Q of 350 k. This is one order of magnitude higher than the previous reported result [11] and is the highest reported Q on any DLSOI platform to-date. Fig. 5(c) shows the TM transmission spectrum for a 20 m radius multimode microring in which the resonator is pulley coupled to excite only its fundamental TM mode. Fig. 5(d) shows the transmission spectrum for one of the high-Q TM modes with a Q of 40 k. The considerable difference between the intrinsic Q's of the TE and TM modes (e.g., highest Q of 350 k and 40 k, respectively, for a 20 m radius microring) can be attributed to different phenomena. First of all, the TM mode has a lower effective index (closer to that of the cladding) and therefore suffers Vol. 6, No. 6, December 2014from higher radiation loss. At the same time, the by-products of hydrophilic bonding process are water molecules at the interface which will cause voids during annealing [23] . As seen in Fig. 1(b) , the electromagnetic field is very strong at the interface for the TM mode, and its interaction with these interfacial voids would also contribute to the overall loss in the TM mode. Nevertheless, these voids can be removed using high temperature annealing [23] , adding outgassing channels [23] , or removing the interface oxide after bonding and refilling it with high quality (void-less) oxides using atomic layer deposition [24] to effectively increase the intrinsic Q of the TM modes. The Q's of the TE mode reported here for the DLSOI microrings are similar to those we achieve in single-layer Si structures (i.e., conventional SOI) using the same fabrication processes. This clearly shows that the proposed bonding process does not increase the material loss (e.g., due to scattering). Furthermore, it enables 3-D integration to achieve sophisticated functionalities that are very hard to achieve in single-layer Si. For instance, microdisk electrooptical modulators can be fabricated in this platform, in which the top and bottom Si layers serve as the capacitor plates (where charge is accumulated), and the resonance wavelength of the device is modulated by carrier dispersion. Alternatively, electro-mechanically tunable photonic microdisk resonators can be realized by partially removing the interface oxide to allow mechanical displacement by applying voltage which leads to large resonance wavelength shifts. The operating voltage and the power dissipation of these devices will scale with dielectric thickness, which can be pushed to the lowest records using this bonding technique. Therefore, the modulation can be driven at low voltages, and switching will be rather low power and fast with no static power consumption, which can surpass the performance of state-of-the-art modulators based on reverse-biased PN-junction [25] . The polarization of interest in all these cases is TE, for which high-Q resonators were demonstrated here.
Summary
In conclusion, we demonstrated a double layer Si (DLSOI) platform through high-quality bonding of two single-crystalline SOI wafer pieces. We confirmed the optical quality of the platform by achieving high Q microring resonators with a wide range of radii. We demonstrated, for the first time, 2 m radius ultra-compact microring resonators with intrinsic Q's of 25 k in a DLSOI platform. These compact resonators have unique potential for implementing ultra-low-power modulators through carrier accumulation. At the same time, we were able to achieve 20 m radius multimode microrings for TE and TM polarizations with intrinsic Q's of 350 k and 40 k, respectively. The intrinsic Q of 350 k for the TE mode is one order of magnitude higher than that of any reported result for a similar resonator on a DLSOI platform. Compared to the single-layer Si platform (conventional SOI), the resonators fabricated on the DLSOI platform show similar Q's, which is an indicative of the high quality of the bonding process. Overall, the results suggest that high-quality wafer bonding is a viable method for obtaining low-loss multilayer material platforms, which can provide considerable improvements in device performance for a wide range of applications, including high-speed modulators, tunable filters, and low-power switches. Fig. 6 . The highest measured Q for TE polarization vs. the outer radius of the microrings fabricated on the DLSOI platform. The width of each microring is large enough to make sure that the intensity of fundamental TE-mode at the inner sidewall is negligible (i.e., the mode acts similar to a microdisk mode).
